U.S.  DEPARTMENT  OF  COMMERCF 
NatioMi  Ttckaical  iRfonnatiM  Service 

AD-A02'i  776 


MOTION  STABILITY  MEASUREMENTS  OF  A SUBMARINE-TOWED 
ELF  RECEIVING  PLATFORM 


Naval  Research  Laboratory 


23  April  1976 


4 


KeasKr  J.  awp  JoaMW  CiotJawio* 


Ekvtnmm^»4i$k  Bmmk 

Cmnm:»  cfjk^s  Sekmcn  HMskm 


April  23,  1976 


RFPRO.XICM)  HY 

NAHONAL  T CHr4!C  ^ 
MFORMATlOfsj  Sf  RVICF 

II  •.  ni  PAHiMF  Ml  f»i  s:nftsc«aiRCi 
srHifii.nn  VA 


D c 

®r?mrc 


«At  *5 


L';VU 


t^U 


SKCUPMTV  CLAStiriCATlOM  Of  THIS  ^AGC  (Wh^n  Datm 


REPORT  DOCUMENTATION  PAGE 

R£AD  mSTRUCnOMS 
BEFORE  COMPLETTNC  FORM 

>■  RCCIRllHT'S  CATALOG  NUMBER 

4.  title  Can4  SmUiuU) 

MOTION  STABIUTY  MEASUREMENTS  OF  A 
SUBMARINE-TOWED  ELF  RECEIVING  PLATFORM 

i.  Tyre  or  rerort  a rewoo  covered 
Interim  report  on  one  phaae  of 
a continuing  NRL  Problem 

S.  RCRFORMINC  ORG.  RBRORT  NUMBER 

7.  AUTHORr*; 

Robert  J.  Dinger  and  Joseph  Goldstein 

• contract  3R  grant  NUHiERraJ 

S.  eSRfONMINO  OaOAKIZATION  NAME  ANQ  ADCAESS 

Naval  Research  Laboratory 
Washington,  D.C.  20375 

10.  RROCRAM  CLEMENT.  RROJECT,  TAIR 
AREA  • WORr  UNIT  NUMBERS 

NRL  Problem  R07-34 
Project  XF21-222-035 

M.  controlling  OrriCE  name  and  address 

Naval  Electronic  Systems  Command 
Washington,  D.C.  20375 

12.  RERORT  DAT! 

April  23,  1976 

<1  number  OF  r ACCS 

T7  j 

14.  MONITORING  AGENCY  NAME  4 tiODnt.ii(ll  dlUmtmnt  Imn  ConUolUnt  Olllct)  ' 

IS.  SECURITN  class,  f*#  IAI« 

Unclassified 

IS*.  DCCLASSIFICATION^DOMNGRADING 
sckcoulc 

14.  distribution  STATEMENT  fs/  >AI«  Hdporl) 

Approved  for  public  release;  distribution  unlimited. 

17.  DISTRIBUTION  STATCMCNT  (of  Ihm  mbrntroct  on(*r«d  fn  BlocA  30,  II  difimrmtt  horn 

li.  lUF^LfMKNTAHY  MOTES 


It.  KCY  WOMOS  (Coftitmtm  on  aid*  ft  n*rm»»miy  «r?d  Identify  bv  btoeh  numb«r> 

SQUID 

ELF  communictttions 

SANGUINE 

ELF  sntennu 


20.  abstract  (Cbnllrtom  on  rovoroo  ofdo  It  r<9C0mt,mry  tmd  Itfmntity  hy  block  numtmr) 

The  design  and  ultimate  performance  of  an  extremely  lo  / frequency  (ELF)  supercon- 
ducting quantum  interference  device  (SQUID)  ai.tenna  that  is  mounted  ii  i submarine-towed 
buoy  depends  critically  or.  the  motion  spectrum  of  the  buoy.  Motion  spectrum  measurement'! 
from  nearly  direct  cunv’^it  to  100  Hz  were  conducted  on  a hydrodyMamically  stabilized  buoy 
while  being  towed  in  the  660-m  towing  besin  of  the  David  Taylor  Naval  Ship  Research  and 

(Continued) 


DD  is:*;,  1473  COITION  OF  : 'iOV  OS  IS  ORIOLCTC 

S/N  0t0?'OU-  660l 


SCCURITV  CLASSIFICATION  OF  THIS  RAOC  (Whon  Doim  Br>loroiJ) 


uliMITV  classification  Of  TMIS  F> AOCnFAan 


OmlopixMnt  CanUr,  Ctodnock,  Md.  The  ipectn  riiow  that  the  uvular  motion  of  the  bTioy 
can  be  held  to  10~*  rad  or  leer  within  the  ELF  receiver  bandwidth  of  30  to  130  Hz,  ae  lone 
ai  properly  ttreemlined  fairinfji  are  need  on  the  hydrofoil  trailint  edgoe  to  prevent  oacillationa 
from  vortex  ibedding.  Low  l^uency  oe  illations  of  the  buoy  were  10~^  rad  or  lees  for 
frequenciee  down  to  0.025  Hz.  Hiis  performance  of  the  buoy  is  sufficient  to  permit  it  to 
serve  as  a towed  platform  for  the  NRL  prototype  SQUID  receiver. 


r\\ 


li; 


SCCviniTV  CLAMiriCATlON  OF  THIS  P^GCrWTiMt  Dmtv  SnfvrvO 


CONTENTS 


INTRODUCTION 1 

DESCRlPriON  OP  TOW  TESTS 3 

RESULTS 5 

Rate  Gyro  Data 5 

Accelerometer  Data  7 

APPUCATION  OF  RESULTS  I'D  SQUID  ELF 

ANTENNA  DESIGN 11 

CONCLUSIONS  13 

ACKNOWLEDGMENTS 13 

REFERENCES 13 


MieniM 


ITS  Nkiti 

m iiK  a 

wuNnoimcEg  □ 

JKrKiUTIOII 


IT 

IISTIimiOVAVAIUDIlITT  COOS 

■"ilii.'  "k\ir,L  tl:  'it  J:*' ; iff" 


MOTION  STABILITY  MEASUREMENTS  OF  A 
SUBMARINE-TOWED  ELF  RECEIVING  PLATFORM 


INTRODUCTION 

The  ability  to  communicate  with  aubmahnea  at  operational  depth  ia  of  prime  im- 
portance to  the  U.S.  Navy.  P?eaent  long-range  submaiW  communication  ayatema  operate 
in  the  very-low-fieq'iency  (VLP)  bund  (3  to  30  kHz),  which  requina  the  receiving  antennae 
to  be  relatively  near  the  ocean  aurfhee.  A communication  ayatem  operating  in  the  extremely- 
low-frequency  (ELF)  band  (30  to  300  Hz)  would  allow  reception  at  a aubmarine'a  opera- 
tional depth  becauae  of  the  greatly  increaaed  penetration  at  ELF  hequenciea  of  elocUo- 
magnetic  wavea  below  the  aurface  of  the  ocean.  To  achieve  omnidirectionality  in  the  ELF 
band,  efforts  have  been  concentrated  on  the  development  of  an  E-field  senaing  trailiitg- 
wiie  anterma  with  distributed  electrodes  [1]  and  an  H-field-aenaing  ferromagnetic-core 
solenoid  [2] , both  of  which  would  be  towed  behind  a submarine  as  a complementary 
pair.  The  tfidd  trailing-wire  anterma  has  been  shown  to  have  a noise  level  that  meets 
the  required  ensitivity  specification;  however,  to  date,  the  H-field  solenoid  aelf-noiae  level 
is  nearly  20  d&  above  the  required  sensitivity,  and  further  improvements  in  adf-noiae  level 
may  not  be  possible.  Becauae  the  trailing-wire  E-field  antama  alone  is  not  omnidirectional, 
an  alternative  antenna  is  required. 

The  UK  of  a JoKphmn  junction  detector  in  the  form  of  a supercotMiuctiiig  quantum 
interference  device  (SQUID)  [3^  shows  promiw  for  overcoiuing  thew  limitations.  The 
SQUID  ia  in  extremdy  sensitive  H-field  vector  sensor  that  has  been  shown  to  satisfy  the 
no  IK  requirements  for  reception  of  an  ELF  signal  below  tlie  surface  by  the  uk  of  a 
pickup  coil  that  is  only  5 cm  in  diameter.  To  achieve  the  desired  omnidirectionality, 
three  SQUIDs  can  be  arranged  in  a mutually  orthogonal  configuration. 

The  three  SQUID  Knsors  must  be  mounted  in  a long-hold-time,  liquid  helium  dewar 
to  maintsun  the  necessary  superconducting  temperature.  Mounting  the  sensors  on  the 
hull  may  result  in  excewive  interference  from  submarine-generated  magnetic  fields.  Con- 
sequently, we  are  investigating  the  possibility  of  mounting  the  antenna  on  a buoy  that 
can  be  towed  up  to  100  m behind  the  submarine. 

The  motion  of  the  buoy,  however,  creates  noiM  because  the  SQUID  is  a vector 
Knsor  required  to  detect  a signal  of  10~^^  Tesla  (T),  while  operating  in  the  earth’s  mag- 
netic field  (H,)  of  6 X 10~^  T.  The  motion  of  the  towed  buoy  will  modulate  H,  and 
result  in  an  AC  noiM  field  at  the  motion  frequencies.  The  motion-induced  variations  that 
cocur  within  the  ELF  receiver  bandwidth  of  30  to  130  Hz  will  constitute  a migor  nource 
of  noiM  and  must  be  removed  by  suitable  signal  processing.  In  addition,  the  motion- 
induced  noiM  must  be  sufficiently  low  so  that  the  dynamic  range  of  the  SQUID  output 
electronics  is  not  exceeded. 
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The  motioii  spectnun  of  the  ELF  totrsd  buoy  thr»  iprauUy  mfluencei  the  design  of 
both  the  SQUID  ^ctronict  and  liispud  procetcor.  The  foMibility  of  a SQUID  ELF  antenna 
may  rely  on  the  awailability  of  a towed  buoy  of  eufficient  stability. 

To  determine  the  system  penimeten  influenced  by  motkm  of  the  buoy,  w«  compiled 
motion  spectra  on  a towed  buoy  that  wiie  generally  coneidered  to  be  the  muet  stable 
hydrodynawiiraUy  of  any  communications  buoy  desiignad  to  date.  This  buoy  (Fig.  1 ) was 
deei^Bd  and  cooetzucted  in  1972  by  the  David  W.  Taylor  Naval  Ship  Research  as»d  De- 
velopment Center  (DTNSRDC),  Sethesda,  Md.  It  is  experimental  aJi^  wsa  specifically 
deei^fl  to  be  very  stable.  A full  description  of  the  buoy  can  be  found  in  Ref.  4. 

In  Novemtwr  1974,  tlte  buoy  was  taken  to  the  DTNSRDC  towing  basin.  Thia  repost 
psaeents  the  meulte  of  the  towing  tests  conducted  on  the  buoy  at  that  time  and  diecueaes 
the  impltcations  of  these  results  on  the  SQUID  ELF  antenna  design.  Thk  work  has  been 
sumnuirifed  in  Ref.  5. 

These  teste  wees  intended  to  pradkt  the  perf«wmancc  of  the  buoy  wh«i  towed  at 
sea  behind  a submarine.  Thu  limitations  of  towing  basin  measurements  for  predicting  sea 
performance  are  probably  obvious,  but  they  should  be  inentiitfricuiciL  The  inllucnce  of  ocean 
dwturbancas  su^  as  currents  actd  swells  and  the  ability  of  the  buoy  to  recover  fri>in  such 
duturbaikoes  carusot  be  determiiMd  from  basin  mearurements.  The  effect  of  wake  dis- 
turbasaoeB  fkom  the  submarine  also  cannot  be  deietmined.  In  this  regard,  however,  the 
buoy  tested  here  was  rtesigwid  with  hi(^  lift  hydrofoils  that  position  it  well  above  the 
wake  of  the  submarine  while  being  towed.  Potentially,  the  greatest  uncertainty  in  pre- 
dicting sea  performance  is  the  instability  that  can  ocinir  when  a buoy  is  towed  at  the 
end  of  a lo^  cable.  Large-amplitude  yawing  instabilities,  as  described  by  Paidouaeis  (6] , 
can  occur  in  buoys  towed  with  certain  “resonant"  cable  lengths.  Ftevious  sea  trials  (4] 
of  this  teat  buoy  revtuded  no  such  instabilities  greater  than  the  ±b  X lO'^-rsd  noise  level 
of  the  seneori  ueed  in  those  trials.  However,  the  aea  trials  described  in  Ref.  4 were 
somewhat  limited  in  their  scope,  and  it  is  conceivsiitde  that  long  cables  will  produce  mo- 
tion excursions  that  exceed  the  amplitudes  measurtxi  in  tliMC  tests  described  in  this  rei)orl 


Fig.  1 — TIm!  twUd  buoy 
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DESCRIPTION  OF  TOW  TESTS 

The  buoy  wa>  instrumented  with  s triaxial  rate  gyroecope  end  a triaxial  linear  ac- 
ceterometer  mounted  at  the  point  dwam  in  Fig.  1.  The  triaxial  rate  gyroacope  (manu- 
factursd  by  Humphrey.  Inc.,  Model  RT02-0201-1)  was  selected  for  its  high  sensitivity, 
which  is  apfieoximately  0.2  mrad/s.  The  triaxial  linear  accelerometer  (manufactured  by 
Endevco,  Inc.,  Model  2228C)  was  of  a standard  desigr^  ’nrith  an  output  voltage  sensitivity 
of  6 fiV/(cm/s^l.  The  outputs  of  these  sensors  were  amplified,  filtered,  and  recorded  on 
analog  and  digital  magnetic  tape. 

The  buoy  was  towed  in  a 650-m  towing  basin  as  shown  diagrammatically  in  Fig.  2. 
When  towed  in  the  oceKi  by  a submarine,  the  buoy  is  towed  from  below  and  is  positively 
buoyant.  However,  because  the  buoy  cannot  be  towrvl  from  below  in  the  towing  basin 
without  excessively  disturbing  the  water,  the  buoy  was  made  negatively  buoyant  and  was 
towed  in  an  inverted  position  from  above.  Thus,  the  configuration  in  Fig.  2 is  a mirror 
image  of  the  configuration  used  duiiiig  submarine  towing.  The  vibrati<>nal  behavior  of 
the  buoy  is  not  expected  to  be  altered  by  this  inverted  towing  poaition.  The  buoy  was 
cowed  at  steady  speeds  of  2 to  7 knots;  in  addition,  aeveral  constant-acceleration  runs 
with  s top  speed  of  7 knots  were  made.  Hi|d)er  speeds  were  not  used  because  7 kimts 
was  the  insximum  design  speed  of  the  buoy.  Each  run  was  repeated  three  times  in  order 
to  verify  the  repeatability  of  the  meaaumnents.  The  static  angle  of  attack  was  3°  nose 
up.  0°,  or  3.5°  nose  down.  Became  each  run  was  repeated  threi'  times  and  three  body 
trim  angles  were  used,  there  were  at  least  nine  ruiu  at  each  speed.  A total  of  80  runs 
was  made  for  Iheae  testa. 

The  rate  gyros  were  inte<  d to  provide  coverage  of  the  bandwidth  from  DC  to 
20  Hz  and  the  acceterometers  from  10  Hz  to  more  than  100  Hz.  Because  the  largest 
buoy  motioiu  are  expected  to  occur  at  frequencies  below  several  Hertz,  it  is  important 
that  the  limitations  of  the  rate  gyros  at  these  low  frequencies  be  well  understood.  Con- 
sider the  buoy  oscillating  sinusoidally  at  a frequency  u with  a peak  amplitude  Oq,  bo 
that  the  angular  excursion  0 of  one  o?  the  principal  axes  is  given  by 

e - <i) 

The  rate  gyro  sensitive  to  this  axis  will  produce  an  output  proportional  to 

0 - (2) 
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Fig.  2— Towing  configuration 
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At  a particular  frequency,  the  rxcunion  noiM*  level  related  to  the  Kyro  output  noise 

level  (iy  by,  from  Eq.  (2), 


The  sensitivity  of  the  rate  ftyro  is  independent  of  fn'quency;  heiue.  as  the  frequency  u; 
decreases  the  excursion  noise  level  increases  for  ipven  . Figure  3 shows  Fk).  (3)  as 
plotted  with  the  rate  Kyro  manufat  tuit‘r's  nominal  value  for  of  0.2  mrad/s  and 
excursion  noise  level  increasing  at  low  fn>quency.  Figure  ,3  shows  that  the  rate  Kyr<> 
cannot  resolve  very  low  frequency  oscillations  of  the  Inioy. 

Because  the  accelerometers  measure  linear  and  not  anKular  acceleration,  the  conver- 
sion of  their  output  to  angular  excursion  is  somewhat  more  complicated  than  the  conver- 
sion for  the  rate  gyros.  Not  only  must  a double  integration  with  res|iect  to  time  b<*  made, 
bu*  Uso  an  axis  about  which  the  rotation  is  occurring  must  be  either  determined  or 
i led.  The  first  assumption  to  he  made  in  this  regard  is  that,  once  the  towing  carnage 
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and  buoy  rtuch  a steady  speed,  there  is  no  relative  motion  of  the  center  of  mass  of  the 
buoy  with  resp<«t  to  the  carriace.  Second,  because  the  towing  point  on  the  buoy  is 
located  at  its  center  of  gravity,  we  will  assume  that  the  axes  of  rotation  are  coincident 
with  the  principal  axes  of  the  body.*  In  other  words,  all  motion  delected  by  the  ac- 
celerometers  is  assumed  to  be  simple  roll,  pitch,  and  yaw  motion  of  the  buoy.  Hence 
the  angulw  excursion  accelerations  i)  are  related  to  the  outputs  of  the  linear  acceler- 
ometers X by 


where  j = r,  p,  y for  the  roll,  pitch,  and  yaw  accelerometers,  respectively.  The  quantity 
V,  is  the  length  of  the  perpendicular  between  the  accelerometer  and  the  corresponding 
roll,  pitch,  or  yaw  axis.  The  values  of  the  are  V,  = 0.  80  cm,  and  - 80  cm. 

In  all  of  the  data,  the  output  of  the  roll  accrierometer  (once  a steady  towing  speed  was 
reached)  was  essentially  itoiae  limited,  as  expected  from  Eq.  (4)  for  V,.  = 0.  This  fact  also 
tends  to  support  the  aasumptioru  used  to  derive  Eq.  (4). 


RESULTS 
Rate  Gyro  Data 

Figure  4 (a)  displays  a portion  of  a strip  (hart  recording  of  the  pitch  rate  gyro  out- 
put taken  during  a 7-knot  run.  Since  the  rate  gyro  produces  an  output  voltage  propor- 
tional to  angular  time  late  of  change,  this  voltage  must  be  integrated  with  resp(>ct  to  lime 
in  order  to  obtain  the  time  history  of  the  angular  excursion.  The  trace  in  Fig.  4(b) 
shows  the  result  of  integi’ating  the  rate  gyro  output.  A fairly  regular  oscillation  of  0.4 
mrad  with  a period  of  about  2 s can  he  discerned  in  this  trace.  In  addition,  a laige  fluc- 
tuation of  about  1.4  raraol  occurs  between  10  and  20  s.  The  frequency  of  this  fluctuation 
is  approximately  0.025  Hx.  According  to  Fig.  3.  the  noise  level  at  this  frequency  is  about 
1 mrad;  hence  the  largr'  fluctuation  is  simply  rate-gyro  noise. 

To  study  the  spectral  content  of  the  motion,  we  digitised  the  recorded  rate-gyro 
outputs  and  used  them  as  input  to  a standard  Fast  Fourier  Transform  (FFT)  routine  on 
a digital  computer.  Figure  5 shows  typical  spectra  of  the  output  of  the  rate-gyro  sensor 
for  the  pitch  axis  at  steady  state  speeds  of  4 and  7 knots.  A |K>rtion  of  the  recorded  out- 
put for  this  run  is  shown  m Fig.  4.  The  spectra  show  low  frequency  motions  of  the  body 
that  increase  in  bandwidth  as  speed  increases.  The  4-knot  spectrum  has  a bandwidth  ex- 
tending from  near  DC  to  about  2 Hz,  while  the  7-knot  spectrum  extends  to  about  4 Hz. 

In  each  case  the  spectral  amplitudes  are  approximately  6 X 10  rad/s,  indicating  that  an 
increase  in  speed  has  esKntially  no  effect  on  the  amplitude  of  the  low  frequency  motion. 
'Die  fluctuation  with  a 2-s  period  visible  in  Fig.  4 can  he  seen  as  the  peak  at  0.5  Hz  in 
Fig.  5. 


*TW  ,mitcipal  sacs  of  the  body  are  the  fiaenveriotB  of  ihe  moment  uf  inertia  trneor.  In  the  buoy  used  in 
tbrje  tecta,  the  prineii  «l  ue»  minride  with  the  usual  roll,  pitch,  and  yaw  axes. 
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function  of  time 
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Figure  6 displays  the  spectra  of  the  integrated  data  from  Fig.  5 and  represents  the 
pitch  angular  excursion  of  the  buoy.  A sensor  resolution  curve,  sinular  to  the  curve 
plotted  in  Fig.  3,  has  been  added  to  Fig.  6 to  emphasize  that  the  increasing  spectral  am- 
plitude at  low  frequency  is  in  part  a result  of  the  increasing  sensor  noise  level  at  low 
frequency.  These  curves  of  excursion  spectra  show  that  the  buoy  excursions  are  less  tlian 
10"3  rad. 

Data  from  the  roll  and  yaw  sensors  and  from  runs  at  other  speeds  gave  r.  ;ults  similar 
to  data  found  in  Figs.  4 through  6.  The  static  angle  of  attack  of  the  buoy  was  observed 
to  have  no  effect  on  the  motion  spectra  for  the  range  (±3.5“)  studied  in  these  measurements. 


FREQUENCY  (Hz) 


Fig.  6— Spectra  of  the  time  integral  of  the  pitch  rate-gyro  out- 
put for  two  different  towing  apeeds,  displaying  pitch  angular 
excursion  as  a function  of  frequency 


Accelerometer  Data 


Figure  7 displays  the  spectra  of  the  output  of  the  x-oriented  (pitch-sensitive)  accel- 
erometer for  steady  to  nring  speeds  of  4 and  7 knots.  The  prominent  feature  of  these 
spectra  is  the  presence  of  two  sharp  spikes.  Figure  8 contains  the  doubly  integrated 
spectra  from  Fig.  7,  where  Eq.  (4)  has  been  used  to  convert  linear  acceleration  to  angular 
excursion.  Except  for  the  two  spikes  and  their  harmonics,  it  is  evident  that  the  spectra 
refl(  i^t  the  accelerometer  noise  level;  and  the  maximum  excursions  of  the  buoy  are  10"® 
rad  and  less. 
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Fig.  7— Spectra  of  the  x-ori«ited 
(pitch-eensitive)  accelerometer 
ovlput  for  taro  different  towing 
epe^ 
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Pig.  8— Spectra  of  the  lioubly  inte- 
grated, pitch-eensitive  accelerometer 
output  for  two  different  towing  speeda, 
diapiaying  pitch  angular  excunion  aa 
a function  of  frequency.  Sensor  reso- 
lution currea,  similar  in  nature  to  the 
curre  of  Fig.  3,  are  also  shown. 
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llie  H>iket  in  the  accelerometer  ipectni  were  seen  in  both  the  pitch  and  yaw  accel- 
erometers; the  firequencies  of  the  peaks  varied  approximately  linearly  with  spaed.  This 
dependence  is  shown  graphically  in  Fig.  9.  in  which  the  frequency  of  the  p^  largest  in 
amplitude  is  plotted  as  a function  of  towing  speed.  Figure  10  di^layi  a seM:  of  spectra 
from  a constant-acceleration  run.  These  spectra  were  computed  on  an  analog  spectrum 
analyzer  with  a considerably  lower  resolution  than  the  digitally  computed  spectra  given 
in  Figs.  7 and  8;  thus  the  peaks  appear  to  be  broader.  The  linear  dependence  of  peak 
position  on  speed  is  cleariy  evident. 
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Fig.  9— Vsristioii  of  fraquMicy  of  laigsst  spiko  in 
x-orimtsd  (pikch-Mn«tive)  nccstotomster  spoctim 
M a function  of  towing  speed 


I 


Fig.  10  Bpactra  of  Um  pitch  sandUea  accalawii 
•tar  output  as  a function  of  Um«  for  dnta  takan 
during  a constant  aceclaration  run.  Pack  ipaacS  ia 
approximatal)'  7 knots. 
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DINOER  AND  QOLOSTEIN 


The  lource  of  th^  oKilUttons  was  traced  to  the  formation  of  voitices  at  the  blunt 
trailing  edges  of  the  buoy  hydrofoils.  Vortices  form  in  an  alternating  manner  at  the  top 
and  bottom  edges  of  the  rear  of  each  hydrofoil.  These  vortices  then  “peel”  away  from 
the  edges  at  a rate  dependent  on  speed  throu^  the  water  and  the  thickness  of  the  hydro- 
foil. The  turbulence  from  the  vortices  couples  to  the  buoy,  causing  the  buoy  to  osciTate. 
Two  peaks  are  present  because  of  two  different  thicknesses  of  tite  buoy  hydrofoils.  11118 
vortex  shedding  phenomenon  is  described  in  detail  by  Vallentine  [7]. 

To  vtanfy  that  the  oecillat’ons  were  caused  by  vortex  shedding  and  to  determine  to 
wiiat  extent  |»oper  streamlining  can  reduce  their  amplitude,  we  attached  simple  fairiiigs 
constructed  oi  stainless  steel  shim  i>tock  to  the  rear  of  some  portions  of  the  hydrofoils. 
Figure  11  shows  the  buoy  with  the  fairings.  A comparison  of  spectra  taken  before  and 
after  the  fairings  were  added  is  given  in  Fig.  12.  The  streamlining  drastically  reduces  the 
amplitude  of  oscillations,  the  peak  at  56  Hz  having  all  but  disappeared,  'fhe  peak  at 
43  Hz  is  the  result  of  vortex  shedding  from  the  horizontal  midbody  rurfaces  to  which  no 
fairings  were  added  (see  Fig.  11).  Thus  this  peak  is  still  present  in  the  miectra  of  Fig. 

12  (b).  We  conclude  that  proper  streamlining  and  fairing  of  the  hydrofoil  trailing  edges 
would  elisuinAte  the  observed  spectral  peaks  entirely. 

The  peak  near  48  Hz  in  both  spectra  of  Fig.  12,  the  low  amplitude  peaks  of  Fig.  3, 
and  the  structure  at  frequencies  of  30  Hz  and  hij^er  in  Fig.  10  probably  result  from 
oscillations  caused  ty  turbulence  from  the  cylindrical  body  of  the  buoy.  Tlie  structure 
at  30  Hz  in  Fi^.  10  has  an  onset  at  approximately  2 knots.  Apparently,  an  appreciable 
wake  does  not  form  until  this  speed  is  attained.  None  of  these  oscillations  exceed  10'^ 
rad  in  amplitude. 


ng.  11— xMod  to  Um  trailing  «dgM  of  aonaa  of  tha  hj’<irofoih  of  the  buoy 
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ilg.  12-ComiMriiNi  of  accolor- 
om*t*r  apocttn  tekon  bofore  (a) 
and  afUr  (b)  faiiind  mm  add«d 
to  tba  trailini  adsaa  of  Uw  buoy 
hydiofoila 


APPUCATION  OF  RESULTS  TO  SQUID  ELF  ANTENNA  DESIGN 

Tbe  principal  constraint  that  buoy  motion  places  upon  the  SQUID  ELF  antenna 
design  is  that  of  dynamic  range;  that  is,  the  dynamic  range  must  be  sufficient  to  handle 
the  largest  motion-induced  signal  without  saturation  of  the  SQUID  sensoks.  Figure  13 
shows  the  required  dynamic  range  as  a function  of  maximum  buoy  excursion.  This  grsfrfi 
assumes  a noise  lerel  of  T/y/^  for  the  sensors  and  a value  of  6 X 10~^  T for  the 
earth's  field.  The  required  dynamic  range  is  determined  by  the  large  amplitude  motions 
that  occur  at  very  low  frequencies.  Althoui^  the  angular  rate  sensors  used  here  are 
incapable  of  accurately  determining  near  DC  excursions,  as  discussed  in  the  section  ‘'De- 
scription of  Tow  Tests,”  it  can  be  estimated  from  Fig.  6 that  the  maximum  excursions 
are  probably  no  greater  than  5 X 10~^  rad.  This  value  requires  a dynamic  range  of  130 
dB,  which  is  within  the  140-dB  analog  ynamic  range  of  tte  NRL  prototype  SQUID 
r reiver  [5].  The  possibility  remains  that  larger  motions  are  present  in  the  buoy  that 
were  too  low  in  frequency  to  be  resolved  by  the  rate-gyro  sensors. 

The  signal  procesning  method  tia^  has  been  developed  for  the  removal  of  rec-alual 
motion  noise  determines  the  components  of  the  earth’s  magnetic  field  by  an  adaptive 
technique  and  then  sums  the  square  of  these  components  in  order  to  remove  the  earth’s 
field  as  a large  DC  component  [8] . The  accuracy  with  which  the  components  must  be 
determined  is  frh'sn  by  the  ratio  of  the  desired  system  noise  level  to  the  maximum  in- 
band  motion  signal.  Figure  14  gives  the  allowable  error  in  the  determination  of  H,  as 
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* function  of  the  maximum  in-band  (30-130  IIz)  angular  excunion.  For  the  maximum 
excunion  of  10'^  rad,  the  components  of  the  earth’s  field  must  be  determined  to  an 
accuracy  of  less  than  one  part  in  1(H,  or  approximately  6 X 10~^  T.  Such  accuracy  is 
obtainable  using  the  adaptive  technique  described  in  Ref.  8. 


CONCLUSIONS 

We  have  shown  that  the  angular  motion  of  a hydrodynamically  stabilized  buoy  can 
be  held  to  10~*  rad  or  leas  witliin  the  ELF  receiver  bandwidth  of  30  to  130  Hz.  This 
levd  of  perfonnance  can  be  obtained  if  fairings  are  used  on  the  trailing  edges  of  ^he  buoy 
hydrofoils.  Low  frequency  oscillations  of  the  buoy  were  10'^  radians  or  less  for  fre- 
quencies down  to  0.025  Hz.  This  low  level  of  motion  noise  was  obtained  under  the  ideal 
conditions  of  towing  basin  measurements;  some  degradation  in  performance  probably  can 
be  anticipated  when  the  buoy  is  actually  towed  behind  a submarine.  In  general,  however, 
we  believe  that  the  angular  excursions  of  the  tested  buoy  ate  sufficiently  low  to  permit  it 
to  serve  as  a towed  platform  for  the  NRL  prototype  SQUID  receiver,  if  suitable  processing 
of  the  SQUID  outputs  is  provided  to  remove  the  residual  motion  noise  and  if  fairings  are 
added  to  the  hydrofoils. 
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